A spontaneous recessive mutation appearing in strain 129/J mice at the diabetes (db) locus on Chromosome 4 has been characterized. The new allele, designated db 3:, produced hyperphagia and severe obesity. Mutants weighed in excess of 70 g by 6 months of age, compared to 22-28 g for lean littermates. Although the disease was similar to the mild hyperglycaemia-severe obesity syndrome exhibited by db gene presentation on the C57BL/6J inbred background, the syndrome in 129/J mice reduced lifespan, with mutants exhibiting sudden weight loss, hypoglycaemia, and a 67% mortality between 6 and 14 months of age. Mutant males, but not females, were transiently hyperglycaemic between 2 to 4 months of age, attaining a maximum mean blood sugar of 196 + 27 (SEM) mg/dl. Thereafter glucose levels declined to normoglycaemic values (80-100 mg/dl), and with increasing age, mutants of both sexes became hypoglycaemic (60 mg/dl at 9 months). Mutants of both sexes were extremely hyperinsulinaemic at the earlier ages, with mean plasma insulin at month 5 reflecting 30-fold elevations above normal for males and 18-fold for females. These levels diminished with age, the decline being more marked in males. Plasma glucagon levels were 3-fold elevated in the younger mutants of both sexes (86 pg/ ml versus 28 pg/ml in normal mice), mean levels increasing to almost 5-fold above mean control values in the older age group (198 pg/ml versus 41 pg/ ml in normal mice). Histopathological findings were limited to pancreas. Increasing necrosis of the exocrine, but not endocrine, pancreas was noted in aging mutants. Aldehyde fuchsin staining of the mutant pancreas revealed hyperplastic islets filled with heavily granulated B-cells. B-cell hyperplasia was accompanied by a 30-fold increase over controls in pancreatic insulin content in the 8 month old mutants, whereas pancreatic glucagon content was only doubled. Morphometric analysis showed less than a 2-fold increase in the mean number of A-cells per islet. Thus, an interesting feature of expression of the diabetes gene in the 129/J strain is the persisting hyperglucagonaemia in the face of moderating hyperinsulinaemia.
; diabetic females ( 9 O) . Values represent mean _+ SEM for groups of at least 10 to 12 normal mice of each sex throughout, groups of 10 to 12 diabetic mice over the first seven months, groups of 5 to 11 diabetic mice over 7 to 10 months, and groups of 3 to 8 mutants thereafter females were then mated with 129/J +/+ c/c (normal albino) males, and only F 1 offspring with the +/db c/c (normal albino) genotype were used as breeders. The colony is maintained by breeding tested heterozygotes. Approximately 25% of the progeny from tested heterozygous breeding pairs were diabetics. The lean littermates, which were used as controls in these studies, are designated +/?. Of these latter animals (approximately 75% of litters), one-third would be expected to be +/+, and two-thirds would be +/db 3J. All mice were housed in stainless steel pens on pine shavings and allowed free access to water and pelleted chow (Diet 234, Emory Morse Company, Old Guilford, Conn.). This diet contained 23.5% (w/w) protein, 5.2% fat, 4.2% fibre, 5.7% ash, and 51.5% nitrogen-flee extract (including carbohydrate).
Analytical Methods
Young db3~ /db3J mice could easily be distinguished from their lean littermates at weaning because of increased adiposity. Fed animals were weighed and bled between 0800 and 1000 h at monthly intervals. Approximately 400 to 500 ~1 of blood was collected from the orbital venous sinus with a heparinized capillary tube. For glucagon determinations, plasma obtained by centrifugation in heparinized tubes was supplemented with 10% (v/v) Aprotinin (Trasylol R, FBA Pharmaceuticals, N.Y.). Plasma from normal mice was assayed undiluted for insulin, but samples from mutant mice were diluted between 1 : 2 and 1 : 20 dependent upon age and sex. Samples were stored frozen until assay. Plasma insulin was determined as previously described [4] (sensitivity 5 gU/ml). Plasma glucagon determinations were performed by radioimmunoassay with Unger 30K rabbit anti-glucagon antiserum [5] (sensitivity 25 pg/ml). For blood glucose determinations, 20 ~1 of heparinized blood was deproteinized and assayed by a coupled glucose oxidase/pero• colorimetric procedure using Sigma diagnostic kit 510 (Sigma Chemical Co., St. Louis, Mo.). Rectal temperatures of mice at an ambient room temperature between 22 ~ and 24~ were measured using a thermistor thermometer (Yellow Springs Instruments, Yellow Springs, Colorado, model 42SC with type 402 probe). Proteins were estimated by the Lowry method [6] .
Food consumption studies were performed by feeding individual mice 100 g quantities of pelleted food and weighing the feed remaining at weekly intervals. Glucose tolerance tests were performed at monthly intervals for 12 months. Mice fasted for 24 h were injected IP with glucose 2.5 g/kg body weight (1.11 mol/1 glucose stock in 0.15 mol/l saline) and bled from the orbital venous sinus. Urine glucose was tested using Clinistix test strips (Ames Laboratories, Elkhart, Ind.). Pancreatic insulin and glucagon were extracted by homogenization of individual pancreas in 1.0 ml of ice-cold distilled water containing 1,000 KIU/ml Aprotinin followed by sonication for 1 min (Biosonik IV, VWR instruments, power setting of "40" with microtip). The solution was clarified by centrifugation and protein precipitated by the addition of an equal volume of 100 g/1 trichloroacetic acid (TCA). The centrifuged precipitate was washed twice with 50 g/l TCA and then extracted overnight at -20 ~ in 5 ml of acidified ethanol (1.5 ml 12 mol/1 HC1 in 100 ml 70% (v/v) ethanol). The supernatant was then neutralized and lyophilized prior to radioimmunoassay.
Statistical comparisons of data utilized the two-tailed Studenttffisher "t" test.
Histological and Morphometric Studies
Hematoxylin-eosin and aldehyde fuchsin staining were performed on Bouin's-fixed tissue as described previously [4] . The exocrine tissues shown in Figure 5a and 5b were fixed overnight in 2% glutaraldehyde and 1% parafon-naldehyde buffered in 0.1 mol/1 sodium phosphate, pH 7.4, embedded using a JB-4 embedding kit (Polysciences, Warrington, Pa.), and sectioned at 2 ~m on a JB-4 microtome (Dupont-Sorvall, Norwalk, Conn.). Morphometric analysis of islet size and composition was performed using an image analyzer (Optomax, Inc., Burlington, Mass.). The image analyzer was a television scanning system linked to a light microscope. The system had the capacity for selecting features of interest by means of their optical density, and then classifying by area or diameter [7, 8] . Alpha (A-) cell numbers and area per 5 um islet section surface were quantified with the image analyzer using slides immunocytochemically stained by the peroxidase-antiperoxidase (PAP) method [9] . Rabbit anti-glucagon antiserum (lot R-2, 10-2, gift of Dr. W. Rhoten, University of Illinois) was used as the primary antibody at a 1/100,000 dilution. Controls for specificity included staining with non-immune rabbit serum and preabsorbed immune serum.
Results

Body Weight and Physical State
129/J db~J/db 3s homozygotes were hyperphagic at weaning and deposited abnormal amounts of fat. Weight gain with age is shown in Figure 1 (top panel). Mutant body weights were significantly (p < 0.05) elevated above controls at 1 month of age. By 2 months mutant weights were at least double that of lean littermate controls. Maximum body weights were achieved at around 7 months of age. After registering steady weight gains over the first 6 to 8 months of life, mutant mice began to lose weight and developed hair loss and scaley skin. Male diabetic mice showed a more precipitous weight loss than females, with animals losing up to 19 g in a month. Many diabetic males whose weights had dropped to between 40 and 60 g died suddenly between months 7 and 11. The decline in female diabetic body weights was slower, with peak mortality between 10 and 14 months. As with mutant males, the diabetic females died suddenly. Lean control mice of both sexes lived in excess of 24 months, but no mutant survived 15 months. Of a group of 12 mutants in which animals were bled at monthly intervals, 5 of 6 males died before 12 months, and 3 of 6 females died before 13 months (67% mortality). Only one of 12 lean littermates died during this period. Food consumption data (Table 1) show that individual diabetic mice were hyperphagic during the onset of the period of weight loss, but that on continued aging food consumption dropped considerably. Examination of the teeth of older mutants exhibiting weight loss revealed that many mice had completely ground down their upper molars, thus allowing unrestricted upward growth of the incisors and producing malocclusion. After clipping teeth to normal length and feeding powdered food instead of solid pellets, no increase in weight or food consumption was seen. Rectal temperature for the obese mutants was significantly lower than for lean littermates. In a group of 5 mutants and 5 littermates ranging in age from 4 to 8 months, rectal temperature (mean + SEM) was 33.4 _+ 0.5 ~ and 35.6 4-0.3 ~ respectively.
B..lood Glucose
Mean blood glucose values are shown in Figure 1 (centre panel). Normal littermates varied between 70 and 140 mg/dl, with levels in males tending to be more than 10 mg/dl higher than in females at all ages. As normal mice aged, levels declined to between 70 and 90 mg/dl by 12 months. Diabetic mice of both sexes at i month of age did not show a statistically significant increase in blood glucose. However, by 2 months, diabetic males showed a significant rise to a mean level of 194mg/dl (p ~< 0.01). Blood glucose remained elevated until the fourth to fifth month, at which time a sharp decline to or slightly below, control levels was observed. In female diabetics, a modest but significant (p ~< 0.05) elevation to around 130 mg/dl was seen transiently (months 2 to 4), with levels returning to normal by the fifth month. After the seventh month both male and female diabetics exhibited mean glucose levels of around 60 mg/dl Some mice yielded insufficent plasma volume for assay. Such samples were combined for assay with a plasma sample from another age-and genotype-matched mouse. Such pools were not sex-matched since no effect of sex on plasma glucagon was observed b +/? not significantly different from other +/? age group c Mutant significantly different from age-matched controls, p < 0.01 d Mutant significantly different from mutant in other age group, p < 0.01 Figure 2 .
Plasma and Pancreatic Insulin and Glucagon Content
Plasma insulin levels in fed animals as a function of age are shown in Figure 1 (lower panel) . Insulin levels were significantly elevated (p ~< 0.01) in diabetics of both sexes at all ages studied, with males showing higher levels than females. Insulin levels in 4-month-old fed diabetic males averaged 877 _+ 69 (SEM) mU/1 compared to 23.5 ___ 4.1 (SEM) mU/1 in lean littermates. From the sixth month onward, however, plasma insulin levels in males declined, so that by twelve months surviving diabetic males showed a mean of 154 + 6 mU/l compared to 23.5 + 7.7 mU/1 in lean littermates. Plasma insulin in diabetic females generally did not rise as high as in diabetic males and declined more gradually with increasing age. In contrast plasma glucagon levels were high in young diabetic mice and increased significantly with age (Table 2) .
Data presented in Table 3 compare insulin and glucagon content in pancreases from pairs of 21/2 and 8 month old diabetics and lean controls. Pancreatic extracts from the 8 month animals revealed a 37-fold increase in insulin and a 2-fold increase in glucagon in mutants over controls. This contrasts with the similar glucagon content and under 3-fold increase in insulin content of 21/2 month mutant pancreases compared to control.
Pancreatic Histology: B-Cells
In 15 pancreases studied histologically from the littermate normal (+/?) population between 2 and 12 months of age, ovoid or circular islets of Langerhans comprising less than 3% of the total pancreas were seen (Fig. 3 a) . Islet diameters were never larger than 400 btm with the most frequently measured diameters falling between 50~tm and 100~tm. Granulated B-cells comprised approximately 80% of the total area of aldehyde fuchsin stained islets.
Aldehyde fuchsin stained pancreases of an equal number of diabetic sibs revealed in mice of 3 months of age and older a massive hyperplasia of heavily granulated B-cells (Fig. 3 b) . At weaning, islet diameters were within the normal range, but as the mice matured, islet diameters in excess of 500 ~tm were common, with the modal diameter increasing to between 200 gm and 300 ~tm by 3 months of age. Islet morphology was highly irregular, in part due to apparent fusion of outgrowing islets. At no stage was Bcell necrosis and atrophy observed. With the exception of weaning (21 days), when 3 out of 3 mutant pancreases revealed moderately degranulated Bcells, heavily granulated B-cells were detected by aldehyde fuchsin staining of mutant pancreases throughout life.
Pancreatic Histology." A-Cells
In lean controls, A-cells were peripherally distributed to form a mantle layer around the B-cells (Fig.  4a) . In dbSJ/db 3J islets, the outward growth of the hyperplastic B-ceU population led to a breakdown of this distribution, with A-cells becoming somewhat more internal and widely separated from other Acells (Fig. 4b) . In large islets which appeared to be a fusion of two hyperplastic islets, bands of A-cells, often double-layered, appeared across the interior of the islet, presumably marking the edge of the individual islets prior to fusion (arrows, Fig. 4b ). Results of a preliminary morphometric analysis of immunocytochemically stained A-cells are shown in Table 4 . A higher mean number of A-cells per db3J/ db 3J islet was obtained, but this was not statistically significantly different from the control mean.
Histopathology
The cause(s) of death in aging 129 db~J/db3Jmice was not discovered. The gross and microscopic lesions, with the exception of a single case of islet cell adenoma were primarily associated with necrosis and atrophy of pancreatic exocrine cells. Exocrine tissue adjacent to the hyperplastic islets commonly exhibited a pronounced hypertrophy, producing periinsular "halos". As illustrated in Figure 5 , cytopathic changes in exocrine cells were observed in both the peri-and tele-insular parenchyma of aging mutant mice. Lesions including pancreatic cysts, necrotized omental fat pads, and fatty tissue infiltration of the pancreas were all associated with autopsy cases exhibiting acinar cell autolysis.
Discussion
It is noteworthy that lean strain 129/J mice exhibited a lower fed blood glucose level than the C57BL inbred strains in which the db mutation has been studied previously [2] . Physiological and histological changes, including hyperphagia, rapid weight gain, transient hyperglycaemia and hyperinsulinaemia, and islet cell hyperplasia are shown by the 129/J db3J/db3J mutants and are similar to those reported in C57BL/ 6J (BL/6) ob/ob mice [10] , as well as those observed in BL/6 db2J/db 2J mice [2] . This presentation is quite distinct from that of severe diabetes seen on the C57BL/KsJ (BL/Ks) inbred background [4] . The genetic background modifiers in the BL/6 strain predicating expression of the db (and oh) gene as a mild diabetes-marked obesity syndrome have been shown to be dominant to those leading to frank diabetes in the BL/Ks strain [11] . Clearly, the 129/J strain carries such "BL/6-1ike" modifiers. Nevertheless, several features of the obesity syndrome seen in the 129/J inbred background distinguish it from that seen in BL/6 db/db or ob/ob mice. Perhaps the most salient difference is the rapidity of the compensatory changes that limit the hyperglycaemia to a short (3 month) segment of the lifespan, with blood glucose levels in seven month and older mutants, especially males, being the same as or below lean control levels. Further, at the histological level, the degree of islet hyperplasia appeared to be more extensive than we have observed in our other rib-carrying stocks. This extensive islet hyperplasia, coupled with an atrophic exocrine parenchyma, has made these mutant pancreases especially useful in establishing highlypurified islet cell cultures.
Although the diabetes syndrome in 129/J mice resembled the "BL/6-type" in presenting as a severe obesity-mild hyperglycaemia, the syndrome in strain 129/J caused greater reduction of life expectancy than in BL/6. The cause(s) of death remain unclear. After protracted periods of weight loss (from a peak weight of 60 to 90 g down to 40 to 50 g), mutants died suddenly after little warning that they were preterminal other than hypothermia (shivering). Blood glucose levels in these moribund mice were generally between 40 and 60 mg/dl indicating hypoglycaemia in the terminal stage of the syndrome. Even though a significant number of aged mutants suffered from partial necrosis of the exocrine pancreas, with fat necrosis and pancreatic cyst formation, food consumption was not reduced and mice continued to feed until they became terminal.
Lesions in the exocrine pancreas were the most commonly encountered histopathological feature in the older 129 db3J/db 3J mutants. Activation of proteolytic and lipolytic zymogens was apparently occurring as evidenced by necrosis of the adjacent omental fat pad into a hard, calcified structure, and the formation of large, fluid-filled pancreatic ductular cysts often measuring over a centimetre in length. Cysts or necrotic fat pads were found in 8 out of 55 mutant animals autopsied between the ages of 7-13 months. Comparable lesions were rarely noted in the autopsied lean littermates. Unlike the EPI syndrome in CBA/J mice, in which exocrine cell autolysis became total and rendered the animal unable to digest food unless pancreatic enzymes were added to the diet [12] [13] [14] , no cases of total exocrine autolysis were found in the 129/J db3~/db 3J animals. Autolysis was never in excess of 40 to 50% of the parenchyma, and no evidence of digestive impairment or failure (foodbloated alimentary tract, steatorrhea) was seen.
One of the most interesting aspects of db 3J gene expression on the 129/J background is the dissociation of hypersecretory behaviour of islet A-and Bcells. While elevated plasma insulin levels, an indirect measure of B-cell hypersecretion in diabetic mice, declined with increasing age, plasma glucagon levels increased with age, suggesting that A-cell hypersecretion not only persisted, but was further increased. The elevated levels of plasma insulin found in 12 month-old mutants were consistent with a normal rate of insulin release from a larger than normal population of B-cells. The massive B-cell hypertrophy and hyperplasia upon aging are indicated by data in Table 4 showing a 13-fold increase in islet profile area between mutants and normal sibs, and data in Table 3 showing a 39-fold increase in pancreatic insulin content. On the contrary, little change in pancreatic glucagon content was seen with time (Table  3) , and morphometric analysis of immunocytochemically-stained A-cells (Table 4 ) of mature mice did not reveal a statistically significant increase above controls in the db31/db3~ pancreases studied. Plasma glucagon studies (Table 3 ) have revealed a 3-fold rise in circulating glucagon in young mutants, and a 4-fold increase in older animals. Interestingly, studies of plasma glucagon in the BL/Ks db/db mouse [15] have shown a similar age-dependent increase while B-cell function is failing and severe hyperglycaemia exists. Of interest in this regard are studies of insulin and glucagon responses in aging rats. Whereas insulin secretion of normal islets in response to glucose stimulation diminishes with age [16] , and particularly in smaller-sized islets [17] , levels of glucagon released into portal vein blood in response to intragastric glucose administration actually increase with age [18] .
The present findings of an increasingly severe hyperglucagonaemia associated with db 3J gene expression on the 129/J inbred background in which hyperglycaemia and hyperinsulinaemia decrease with age suggests that A-cell dysfunction is not a secondary consequence of either of these two parameters. Indeed, we have found that A-cell hypersecretion of glucagon preceded B-cell hypersecretion of insulin in 48 h pancreatic cell cultures established from prehyperglycaemic BL/Ks m db/m db (misty diabetic) four day-old postnates [19] . This suggests that A-cell dysfunction is an early and persistent feature of db gene expression. 
